Seismic anisotropy beneath broad-band stations in the vicinity of the East African rift are compared with those on stable cratonic parts of Africa and Arabia. Such measurements offer potential constraints on rift processes, absolute plate motions (APM) and tectonic structure. New SKS shear wave splitting parameters are analysed beneath the broad-band stations of FURI and AAE (Ethiopia), BGCA (Central African Republic) and RAYN (Saudi Arabia). The number of events considered at the four stations varies from 13 to 32 and provides good azimuthal coverage. Stations on or near the rift show the polarization of the fast shear wave (φ) aligned parallel to the rift axis. The magnitude of the splitting delay (δt) increases northward along the East African rift. Previously published measurements in Kenya show the smallest splitting value (1.0 s), whilst the Djibouti station, ATD, shows the largest splitting (1.6 s). The Ethiopian results (δt = 1.38 + 0.03 s, φ = 36
I N T RO D U C T I O N
The African continent comprises different tectonic domains with a large contrast in age from the stable cratons to the now active Cenozoic East African rift system (EARS). We compare seismic anisotropy beneath broad-band stations in the vicinity of the East African rift (EAR) with those on the stable cratonic parts of Africa and Arabia (Fig. 1 ) in an attempt to assess whether the rift processes absolute plate motions (APM) or the tectonic structures provide the major control on deformation processes in the crust and upper mantle of the East African rift.
Seismic anisotropy of the mantle is generally thought to arise from strain-induced preferred orientation of highly anisotropic crystals such as olivine (Nicolas & Christensen 1987) . There has been a gradual consensus that most of the anisotropy is concentrated in the upper mantle (Cara & Leveque 1988; Savage 1999; Silver & Chan 1991; Fischer & Wiens 1996; Friederich & Huang 1996) . However, there is debate as to what extent this anisotropy is fossil anisotropy from past deformation (e.g. Archean) events (Silver 1996; Silver & Chan 1991) or a recent feature related to the current deformation of the lithosphere by upwelling mantle and asthenospheric flow (Vinnik et al. 1995; Fischer & Wiens 1996) . The white arrows are for the splitting parameters where the direction shows the orientation of the fast shear wave and its length is proportional to the splitting time δt. The black arrows show the absolute plate motions for the Nubia and Somalia plates (NUB and SOM, respectively) (Gripp & Gordon 2002; Eagles et al. 2002) . As well as the new measurements determined in this study (black stars), we also show SKS-splitting results observed at BNG, ATD and RAYN (Barruol & Hoffman 1999; Gao et al. 1997; Barruol & Ben-Ismail 2001) (white circles).
The Kaapvaal craton in southern Africa is the world's oldest continental mass. Several shear wave splitting measurements were made in the 1990s (Silver & Chan 1991; Vinnik et al. 1995 Vinnik et al. , 1996 Silver 1996) . Some authors deduced that the orientation of the seismic anisotropy is closely aligned with the APM direction (Vinnik et al. 1996) , whilst others argue that it is associated with past tectonic events (Silver 1996) . A general north-south fast anisotropy orientation for the whole of the African continent was obtained from azimuthal analysis of the Rayleigh waves by Hadiouche et al. (1989) who, also, concluded that the fast direction is consistent with the absolute plate motion. However, there is strong evidence from a more recent experiment in the Kaapvaal craton (Silver et al. 2001 ) that fast SKS-polarization directions systematically follow the trend of fossil anisotropy and do not align with the APM direction.
The EAR has long been considered a classic area to study the early phases of continental breakup. Rift propagation is believed to run parallel to old orogenic fabric (Vauchez & Barruol 1996; Vauchez et al. 1997 Vauchez et al. , 2000 Tommasi & Vauchez 2001) . SKS-splitting measurements from the EAR show splitting delay times (δt) of 1.0 and 1.6 s in Kenya and Djibouti, respectively, and a fast shear wave polarization (φ) subparallel to the rift trend (Gao et al. 1997 (Gao et al. , 1999 Barruol & Hoffman 1999; Barruol & Ben-Ismail 2001) (Fig. 1) . In general, the fast polarization direction (φ) is not parallel to the extension direction in continental rifts (Savage 1999; Tommasi et al. 1999) . In contrast, at oceanic spreading centres mantle flow orients olivine crystals in the direction of plate spreading (Hess 1964; Blackman et al. 1996; Wolfe & Solomon 1998) . The possible sources of rift-parallel fast directions (Vauchez et al. 2000) in East Africa are:
(i) pre-rift orogenic fabric, (ii) lattice preferred orientations (LPO) resulting from hot flowing mantle that aligns olivine a-axis in a horizontal direction parallel to the rift, (iii) rift-parallel vertically-oriented melt pockets in the asthenospheric wedge beneath the rift, (iv) some combination of the above mechanisms.
The rift in Ethiopia separates the Nubia Plate to the NW from the Somalia Plate to the SE (Fig. 1) . Rifting here is unique as the northern Ethiopian rift marks the transition from continental rifting to oceanic rifting in Afar. No shear wave splitting analyses have as yet been published in this part of the EAR. We analyse shear wave splitting from SKS and SKKS phases at the IRIS/GSN (Incorporated Research Institution for Seismology/Global Seismic Network) broad-band stations of FURI and AAE, located on the margin of the main Ethiopian rift near Addis Ababa. We compare the results with previous observations on the African continent and our new measurements at the broad-band stations BGCA (Central Africa Republic) and RAYN (Saudi Arabia) on stable tectonic provinces. Previous SKS measurements in Saudi Arabia (Wolfe et al. 1999 ) are augmented at RAYN using more events. The other objectives of this study are:
(i) To summarize the shear wave splitting parameters for the East African rift and surrounding region, to better understand the role of the asthenosphere and lithosphere in the transition from continental rifting in the East African rift to oceanic rifting in Afar.
(ii) To determine receiver functions at the Ethiopian stations to control the possible depth extent of anisotropy.
(iii) To develop self-consistent models to explain the anisotropy.
D ATA A N D M E T H O D S

Shear wave splitting
The data for SKS-splitting measurements in this study consist of three component digital data at four broad-band stations (AAE, FURI, BGCA, RAYN) for earthquakes of magnitude m b 5.6 to 8.2 in the epicentral distance range 85
• -130
• . AAE served as an IRIS/GSN station before 1997 and was then replaced by the broadband station FURI, 20 km south of Addis Ababa. A total of 81 splitting measurements with non-null solutions are analysed for all four stations (Table 1 ). The African continent is ideally placed to study SKS and SKKS splitting from earthquakes in circum-Pacific subduction zones, and, to a lesser extent, events from Central and South America. Seismograms were consistently Butterworth bandpass filtered in the range 0.01-0.3 Hz to ensure that variations in splitting parameter estimates are not frequency-dependent.
Shear wave splitting in SKS and SKKS was measured using the methodology of Silver & Chan (1991) . The approach estimates the time separation between the fast and slow shear waves (δt) and the polarization angle of the fast shear wave (φ) by finding an inverse splitting operator that best linearizes the particle motion. Elliptical particle motion, and energy observed on the transverse component of the SKS/SKKS phase, can be diagnostic of shear wave splitting caused by propagation through an anisotropic mantle beneath the recording site. A grid search is employed to find the combination of splitting parameters, φ and δt, that best linearizes the particle Barruol & Hoffman (1999) , Barruol & Ben-Ismail (2001) and Wolfe et al. (1999) (Table 1) were made from weighted averages of the individual observations for the respective number of earthquakes. Fig. 2 illustrates the procedure for an event recorded at FURI for an earthquake of magnitude M w 7.0 in the region of Bonin Island. To assess the consistency of the splitting parameters we plot them against backazimuths (Figs 3a and b). Azimuthal variation would indicate depthvarying anisotropy and/or a tilted anisotropy symmetry axis (Levin & Park 1997) . Although there is some scatter in the backazimuth variation, a single-layer anisotropic model with a horizontal symmetry axis can explain the observations at FURI (Fig. 3b ).
Receiver functions
There is little information about crust and upper-mantle structure under AAE and FURI. Receiver functions were studied to estimate the thickness of the crust and lithosphere beneath these stations and to help control models of anisotropy depth distribution. Using the source equalization approach (Langston 1979; Ammon 1991) , the source, distant path effects and the instrument response can be removed from teleseismic P waveforms by deconvolving the vertical from the horizontal components. The source-equalized teleseismic waveform is called the receiver function and is most sensitive to the P-to-S conversions from structures beneath the recording site (Owens et al. 1984) . The use of receiver functions to determine crustal structure beneath a three-component broad-band seismograph is now a well-established technique. The amplitudes, arrival times and polarity of the Ps conversions can be modelled to provide constraints on the Moho depth and underlying shear wave velocity structure.
In this paper, we model the stacked radial receiver function (Fig. 4 ) at the FURI broad-band seismic station. There is a noticeable time lag in the arrival of the apparent direct P wave. This has been successfully modelled as a marked velocity contrast between shallow lowvelocity volcanics and sediments, and underlying basement rock (Owens & Crosson 1988; Cassidy 1992) . Except for events with backazimuths aligned with the axis of the main Ethiopian rift, the Ps conversions at the Moho are clearly observed with good azimuthal coverage (Fig. 4) . The variation in the receiver functions with azimuth and distance (40
• to 60
• ) were such that they could be stacked to increase signal-to-noise ratio (Fig. 4) . A distinct low-frequency secondary Ps conversion from a deeper mantle interface arrives at approximately 9.5 s after the apparent direct P. It is observed on both the individual and stacked radial receiver functions (Fig. 4c) . Receiver functions estimated at AAE are very similar to those at FURI, approximately 20 km away, implying that the velocity structure beneath the western rift margin does not have a dramatic spatial variation.
Forward modelling (reflectivity) of the stacked radial receiverfunction at FURI is performed to minimize the difference between the observed and theoretical radial receiver functions. A simple initial crustal velocity-model from Berckhemer et al. (1975) was assumed. The results of this inversion are shown in Fig. 5 . Table 1 and Fig. 1 summarize our results and those of others (Gao et al. 1997; Barruol & Hoffman 1999; Barruol & Ben-Ismail 2001; Wolfe et al. 1999) . Average splitting values are shown as white arrows on Fig. 1 . Black arrows show absolute plate motion (Gripp & Gordon 2002; Eagles et al. 2002) ; note that Africa is nearly stationary in this reference frame and that it is split into the Nubia and Somalia plates (Chu & Gordon 1998; Eagles et al. 2002) correspondence with APM. In contrast, the station RAYN situated on the fast-moving Arabian Plate shows a fast polarization (φ) aligned with the APM. The splitting delay increases in magnitude moving northwards along the East African rift and the polarization of the fast shear wave parallels the trend of the rift. Measurements of Gao et al. (1997) for temporary stations deployed in Kenya parallel those shown at KMBO (Barruol & Ben-Ismail 2001) .
R E S U LT S A N D D I S C U S S I O N
There is little evidence for multi-layer anisotropy or anisotropy with a dipping symmetry axis. Fig. 3(b) shows no obvious dependency of splitting parameters with backazimuth at FURI.
The general pattern of present-day surface plate motion in the EARS can be influenced by the interaction of ridge push forces from the mid-ocean ridges and mantle convection/upwelling beneath it (Forsyth & Uyeda 1975; Lithgow-Bertelloni & Silver 1998) . As a result, the mechanics of rifting in East Africa are probably complex PmS PqoS Figure 4 . Stacked radial-receiver functions at FURI for northeasterly (sumne), easterly (sumee), southeasterly (sumse), northwesterly (sumnw) and total stack (sumall). PmS -P-wave to S-wave conversion at Moho. PqoS -P-wave to S-wave conversion at 90 km depth. and cannot be explained by a homogeneous lithospheric extension direction as proposed by McKenzie (1978) . Seismic tomographic studies suggest the whole lithosphere has been split during rifting processes (Nicolas et al., 1994) . Continental breakup in rift zones may occur through a reactivation of the tectonic fabric developed in the lithosphere and mantle during previous orogenic events (Vauchez & Barruol 1996; Tommasi & Vauchez 2001; Collins & Windley 2002 ). Numerical models (Tommasi et al. 1999) suggest that the pre-existing olivine LPO (lattice preferred orientation) tends to be reactivated in trans-tension, a deformation regime that combines strike-slip motion and extension parallel and orthogonal to the rift axis, respectively. There is evidence for oblique deformation in East Africa (Abbate et al. 1995; Lepine & Hirn 1992; Ayele 2000) supporting the trans-tension argument. This deformation regime would result in a composite preferred orientation of olivine a-axis orientation significantly oblique to the trend of the rift. Such a result is seen across the Dead Sea rift (Rümpker et al. 2003) . The homogeneous extension model requires the anisotropic response or the olivine a-axis to be parallel to the extension direction, however, observation shows that this is not the general rule in all rift systems and does not apply to the East African rift (Gao et al. 1997) . Pre-rift deformation, asthenospheric flow and oriented melt pockets are all a possible source of anisotropy beneath rift zones (Vauchez et al. 2000) . Although we cannot rule out the possibility of fossil anisotropy outside of the rift where asthenosphere upwelling and magmatism is relatively minimal, the φ directions and δt values along the EARS seem to favour rift-parallel asthenospheric flow or melt-filled pockets aligned rift parallel, as possible sources of anisotropy (Gao et al. 1999; Vauchez et al. 1999) . From the φ orientation and northward increase in δt along the EAR, the observed anisotropy parameters have more to do with the current state of rifting processes influenced by the asthenospheric flow and magmatism, than the fossil anisotropy.
The disparity between φ and APM direction at BGCA in Central Africa further implies that continental plates deform coherently with the mantle (Silver & Chan 1991; Silver 1996) . A recent earthquake source mechanism study in the Congo basin (Ayele 2002) shows that the area is under compressive stress. The P-axes of the stress orientation resulting from the E-W contraction nearly parallels the φ direction at BGCA, which is the case in typical transpression regions. The anisotropy is predominantly the result of vertically coherent deformation rather than simple asthenospheric flow. This is further supported by evidence for a mantle root that exhibits high shear wave velocity anomalies down to a depth of 250 km beneath the this part of the Nubia Plate (Ritsema & Van Heijst 2000) .
The receiver-function result at FURI implies a crustal thickness beneath FURI of 40 km, consistent with previous refraction results (Berckhemer et al. 1975) , however, the model, also, shows a 50 km thick layer below the Moho with anomalously slow upper-mantle velocity (V p = 7.4 km s −1 and V s = 4.2 km s −1 ), suggesting possibly altered lithospheric material. From Rayleigh wave dispersion, Knox et al. (1999) inferred that the uppermost mantle beneath Afar and the northern Ethiopian rift is characterized by a 100 km thick lithosphere overlying an asthenosphere interpreted as having 1-4 per cent partial melt. This result implies that the interface at 90 km depth, found from the FURI receiver-function analysis, could represent the lithosphere/asthenosphere boundary. An interface near a depth of 90 km has been interpreted elsewhere at the Hales discontinuity (e.g. Levin & Park 2000) . Its observation is intermittent and its cause unclear.
If the asthenosphere does not contribute significantly to the SKSsplitting delay under FURI we have to explain 1.4 s of delay in the top 90 km. Fig. 6(a) shows splitting delays produced by different percentages of vertically-oriented ellipsoidal partial melt-filled cracks for various layer thicknesses. The effective medium theory used in this modelling is that of Tandon & Weng (1984) (see also Kendall 2000 ). An aspect ratio of 0.1 has been assumed. Fig. 6(b) shows the effect of crack geometry on the relationship between splitting delay and melt fraction. A layer thickness of 90 km has been assumed. A < 1 per cent volume fraction of melt aligned in thin vertical ellipsoidal pockets generates sufficient splitting to explain the data. Higher splitting magnitudes in the north can be explained by the higher melt production. Alternatively, anisotropy may be the result of an increase in olivine alignment parallel to the ridge axis in the asthenosphere, as material flows laterally to fill the gap caused by lithospheric extension (Vauchez et al. 2000) . This model would perhaps imply there should be a region of vertical upwelling mantle somewhere along the rift trend. Such an upwelling would orient the olivine a-axes vertically and, hence, produce less splitting (Blackman et al. 1996) .
C O N C L U S I O N S
Seismological stations on or near the EAR show polarization of the fast shear wave (φ) aligned parallel to the rift axis; there is no correlation of φ with APM direction. The magnitude of splitting (δt) increases northwards from Kenya (1.0 s) to Ethiopia (1.4 s) to Djibouti (1.6 s). This may reflect the more enhanced role of partial melt in regions of incipient ocean rifting. Less splitting (δt) is observed beneath the cratonic parts of Africa. BGCA in central African shows splitting parallel to the inferred direction of transpression and not the APM direction.
The splitting results at FURI (δt = 1.38 + 0.03 s, φ = 36 • + 1) show a consistency of δt and φ with respect to backazimuth, suggesting a single simple anisotropic layer beneath the stations. Preliminary receiver-function analysis at FURI, near Addis Ababa supports refraction experiment evidence of a thick crust close to the rift (ca 40 km); there is, also, evidence for a ca 50 km thick layer of anomalously slow lithospheric material (ca Vp 7.4 km s −1 ) below the crust.
Our interpretation is that the anisotropy at FURI is the result of aligned melt in the upper 90 km of the lithosphere. A < 1 per cent volume fraction of melt aligned in vertical ellipsoidal pockets generates sufficient splitting to explain the data. Further support for this model comes from the fact that the northward increase in δt between FURI and Djibouti correlates with increased surface magmatism toward Djibouti. Alternatively, the anisotropy may be the result of alignment of olivine parallel to the ridge axis, as material flows to fill the gap caused by lithospheric extension. Assuming a uniform magnitude of anisotropy, this would suggest a northwardthickening anisotropic layer beneath the rift and/or an increase in strain that enhances the degree of olivine alignment. Whatever the mechanism, it appears that the anisotropy is sensitive to the transition from continental to oceanic rifting in the northern Ethiopian rift. Our results have motivated models for future experiments to test (e.g. the EAGLE experiment, Maguire et al. 2003) .
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